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SUMMARY 

A preliminary evaluat ion was made of three types cf co;;;f;ustor con- 
fi@iration i n  a 48-inch-diamter ram-jet engine i n  order t o  s e l e c t  t h e  
one w i t h  the greatest promise of e f f i c i e n t  and stable conibustion a t  
low f u e l - a i r  r a t i o s  and low codus to r - in l e t  pressures.  The combustor 
configurat ions evaluated include (1) a can-piloted configuration using 
a gut ter- type flame holder w i t h  can-type p i l o t  burners f o r  s t a b i l i t y ,  
(2) an annular-piloted configuration using a gut ter- type flame holder 
with an annular p i l o t  burner t o  provide s t a b i l i t y  and t o  serve as a 
flow div ider  f o r  confined f u e l - a i r  mixing, and (3) a can-type configu- 
r a t i o n  using a flow divider  f o r  confined f u e l - a i r  mixing. N o  modifi- 
ca t ions  w e r e  made t o  optimize t h e  performance of any configuration. 

On t h e  basis of t h i s  preliminary evaluation a t  an  i n l e t - a i r  
temperature of about 990' R, t h e  annular-piloted conibustor configuration 
gave t h e  greatest promise of providing conibustion e f f i c i enc ie s  and 
c o d u s t o r  to ta l -pressure  r a t i o s  i n  excess of 0.90 at low f u e l - a i r  
r a t i o s  with combustor-inlet pressures as low as 700 pounds per square 
f o o t  absolute .  A t  a combustor-inlet t o t a l  pressure of approximately 
1200 pounds per square f o o t  absolute,  t he  conibustion e f f ic iency  of t h i s  
configurat ion reached a maximum of about 0.90 a t  a f u e l - a i r  r a t i o  of 
0.025 and was higher than t h a t  of the other configurations a t  a l l  f u e l -  
air  r a t i o s  inves t iga ted  below about 0.040. This conibustion e f f i c i ency  
was not g r e a t l y  a f f ec t ed  by a reduction i n  conibustor-inlet pressure 
t o  about 800 pounds per  square foo t  absolute. The conibustor t o t a l -  
pressure r a t i o s  w e r e  not appreciably d i f f e ren t  f o r  t h e  three configu- 
r a t ions ,  being about 0.905M.01 at a f u e l - a i r  r a t i o  of 0.035, t h e  
annular-pi loted configuration having the  highest pressure r a t i o .  

INTRODUCTION 

A s  p a r t  of a general  research program on ram-jet combustors, an 
inves t iga t ion  is  being conducted a t  the  NACA L e w i s  laboratory t o  
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evaluate various ram-jet combustor designs and thus t o  determine design 
c r i t e r i a  t h a t  w i l l  permit e f f i c i e n t  and stable combustion a t  combustor 
flow conditions representa t ive  of those during t h e  c r u i s e  phase of 
t h e  f l i g h t  plan of a long-range missile. 
of t h e  inves t iga t ion  i n c h d e  t h e  attainment of coxfibustion e f f i c i e n c i e s  
and combustor to ta l -pressure  r a t i o s  above 0.90 a t  t h e  following operat-  
ing  conditions with grade Jp-1 f u e l :  (1) f u e l - a i r  r a t i o s  between 0.03 
and 0.04 (design point,  0.035), ( 2 )  combustor-inlet p ressures  as low 
as 1/3 atmosphere, (3) combustor-inlet Mach number of about 0.14, and 
(4) combustor-inlet temperature of about 990' R .  

The performance objec t ives  

A previous inves t iga t ion  of ram-jet combustors having t y p i c a l  
gu t te r - type  flame holders and operating at combustor-inlet p ressures  on 
t h e  order of 1/2 atmosphere and less ind ica t e s  t h a t  t he  use of a stable 
heat source or  p i l o t  f l a m e  improves t h e  s t a b i l i t y  limits ( r e f .  1). 
Therefore, an i n i t i a l  phase of t he  inves t iga t ion  w a s  an experimental 
study of some of the  design f ea tu res  of can-type p i l o t  burners (ref. 2 ) .  
Consideration of the  conibustion-efficiency and f u e l - a i r - r a t i o  objec- 
t i v e s ,  together with the  r e s u l t s  of o ther  inves t iga t ions ,  leads t o  t h e  
conclusion t h a t  it i s  advantageous t o  confine t h e  i n j e c t e d  f u e l  t o  a 
portion of t h e  conibustor a i r  i n  such a way t h a t  an optimum f u e l - a i r  
r a t i o  is maintained f o r  mainstream combustion. The use of such a 
method i s  reported i n  references 3 and 4, which show t h a t  la rge  gains 
i n  combustion e f f i c i ency  a t  low f u e l - a i r  r a t i o s  can be obtained by 
properly con t ro l l i ng  t h e  f u e l - a i r  mixing process. This method has 
a l s o  been used t o  improve t h e  low-fue l -a i r - ra t io  combustion e f f i c i e n c i e s  
of ram-jet combustors required t o  operate over a w i d e  range of com- 
bustor temperature r a t i o s  ( r e f s .  5 t o  8) .  As a second phase of t h e  
inves t iga t ion ,  an experimental evaluation (reported i n  ref.  9)  w a s  made 
of a rectangular segment of an annular-piloted conbustor with b a f f l e -  
type flame holder t h a t  incorporated t h e  f e a t u r e s  of confined f u e l - a i r  
mixing and a high-air-flow s t a b l e  p i l o t  burner. 

Following these  i n i t i a l  phases of t h e  inves t iga t ion ,  a preliminary 
evaluation w a s  mde of t h ree  types of low-temperature-ratio combustor 
configurations i n  a 48-inch-diameter ram-jet engine and i s  reported 
herein. The combustor configurations se l ec t ed  f o r  i nves t iga t ion  
include: (1) can-piloted, (2)  annular-piloted, and (3)  can-type con- 
f igura t ions .  The can-piloted combustor configuration incorporated 
a gutter-type flame holder with s i x  can-type p i l o t  burners t o  provide 
s t a b i l i t y ;  t he  design of t h e  p i l o t  burners w a s  based on t h e  r e s u l t s  of 
reference 2. 
w a s  based on t h e  r e s u l t s  of reference 9 and i s  described there in ;  t h e  
annular p i l o t  burner served both as a flow d iv ider  t h a t  permitted 
confined f u e l - a i r  mixing and as a continuous source of i g n i t i o n  and 
thus s t a b i l i t y  f o r  a gut te r - type  flame holder.  
configuration incorporated a flow d iv ider  f o r  confined f u e l - a i r  mix- 
ing.  

The design of t h e  annular-piloted combustor configuration 

The can-type combustor 

One of each type of conibustor configuration w a s  investigated; 
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ce of any configu- 
This preliminary evaluat ion w a s  intended t o  ind ica t e  the most ra t ion .  

promising configurat ion f o r  t h e  previously stated performance objectives. 

The inves t iga t ion  was conducted i n  a direct-connect i n s t a l l a t i o n  i n  
an  a l t i t u d e  ewer over a l imi ted  range of f u e l - a i r  r a t i o  a t  combustor- 
i n l e t  t o t a l  pressures  from about 700 t o  1300 pounds per  square foo t  
absolute  w i t h  an i n l e t - a i r  temperature of about 990' R ,  
a ir  temperature corresponds t o  t h e  standard t o t a l  temperature a t  a 
f l i g h t  Mach number of 2.75 f o r  a l t i t u d e s  above the  tropopause. 

This i n l e t -  

APPARATUS 

I n s t a l l a t i o n  

A schernatic diagram of the  d i rec t -connect  i n s t a l l a t i o n  of t he  r a m -  
j e t  engine i n  an a l t i t u d e  c h d e r  of the NACA L e w i s  propulsion systems 
laboratory i s  shown in figure 1. I n l e t  a i r  entered t h e  chamber and 
passed through angle-iron blockage and smoothing screens before enter-  
ing the  engine through a bellmouth i n l e t .  
seal prevented leakage of i n l e t  air in to  the  tes t  sect ion.  
gases from the  engine passed i n t o  the exhaust sec t ion  through an ex- 
tension that prevented r ec i r cu la t ion  of the hot  exhaust gases i n t o  t h e  
t es t  sect ion.  The combustion wag observed through a periscope d i r e c t l y  
behind the engine. 

A bulkhead and a labyr in th  
The hot 

Engine 

A schematic drawing of t he  48-inch-diameter ram-jet engine i s  
shown i n  figure 2. The engine s t a t i o n  nunibers ind ica te  the  nuIIlber of 
inches from t h e  engine i n l e t ,  which i s  designated s t a t i o n  0. 
engine- inlet  diffuser was  a cone w i t h  an included angle of 30'. 
48-inch-diameter combustion chamber extended from the d i f fuse r  o u t l e t  
( s t a t ion  30.6) t o  the exhaust-nozzle i n l e t  ( s t a t ion  89.5) and w a s  
water-jacketed from s t a t i o n  40.6 t o  s t a t i o n  89.5. 
of the combustor w a s  a 19-inch-long convergent water-jacketed exhaust 
nozzle with a c y l i n d r i c a l  t h roa t  6 inches long and 32.75 inches i n  
diameter. 

The 
The 

Affixed t o  the e x i t  

Details of the i n s t r m n t a t i o n  used t o  measure pressures  and 
temperatures a t  the various s t a t i o n s  are  a l s o  shown i n  figure 2. 

Combustor Configurations 

The three types of combustor configuration inves t iga ted  are des- 
cr ibed i n  t h e  following paragraphs. 

CONFIDENTIAL 
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Can-piloted configuration. - The can-piloted combustor configu- 
r a t i o n  used a conventional baffle- or  gu t te r - type  flame holder i n t o  
which s i x  can-type p i l o t  burners were incorporated as continuous 
sources of i g n i t i o n  t o  provide s t a b l e  combustion. -~ 

A schematic diagram and photographs of t h e  can-piloted combustor 
configuration a r e  presented i n  f i g u r e s  3(a) t o  ( e ) .  
can-type p i l o t  burner w a s  located i n  the  center ,  and f i v e  5-incn- 
diameter can-type p i l o t  burners were equal ly  spaced i n  a c i r c l e  with a 
mean diameter of 2 1  inches. An annular g u t t e r  interconnected t h e  f i v e  
outer p i l o t  burners; t e n  sloping r a d i a l  g u t t e r s  connected the  center  
p i l o t  burner  with the  outer  p i l o t  burners and t h e i r  interconnecting 
annular gu t t e r .  An outer annular g u t t e r ,  which had a mean diameter of 
35.5 inches, w a s  connected with t h e  outer p i l o t  burners and t h e i r  
interconnecting annular g u t t e r  by 15 sloping radial gutters. F i f t e e n  
3-inch-long radial s tub  g u t t e r s  extended from t h e  outer edge of t he  
outer annular g u t t e r .  A l l  g u t t e r s  were 2 inches wide a t  t h e  down- 
stream edge. The pro jec ted  area of t he  can-piloted combustor configu- 
r a t i o n  was  about 43 percent of the coxribustor c ross -sec t iona l  a rea .  

An 8-inch-diameter 

De ta i l s  of t h e  p i lo t -burner  cans, t h e  design of which w a s  based 
on the r e s u l t s  of reference 2, a r e  given i n  f i g u r e  3(d).  
open area  of each pilot-burner can w a s  about 125 percent of i t s  dis-  
charge cross-sectional area. 

The sur face  

Two f u e l  systems were used i n  the  can-piloted combustor configu- 
r a t i o n ,  one supplying f u e l  f o r  t he  p i l o t  burners and t h e  other f o r  
mainstream combustion ( f i g .  3 ( a ) ) .  
were each f i t t e d  with s ing le  fuel-spray nozzles r a t e d  a t  about 80 and 
40 gallons per hour, respec t ive ly ,  a t  a d i f f e r e n t i a l  pressure of 100 
pounds per square inch. 

The center  and outer  p i l o t  burners 

Fuel f o r  mainstream combustion w a s  i n j ec t ed  a t  two loca t ions  w e l l  
upstream of the  flame holder t o  a id  vaporization and mixing ( f i g .  3(a)) .  
A 21-inch-diameter r ing ,  f i t t e d  with 26 fue l - spray  nozzles i n s t a l l e d  
t o  spray i n  t h e  downstream d i r ec t ion ,  w a s  loca ted  about 14 inches 
upstream of s t a t i o n  0. I n  addi t ion ,  s i x  sets of r a d i a l l y  ad jus t ab le  
fuel-spray bars were loca ted  about 18 inches upstream of s t a t i o n  Oj 
each set of f u e l  bars included an inner and outer bar  f i t t e d ,  respec- 
t i ve ly ,  with 2 and 3 c i rcumferent ia l ly  spaced fue l -spray  nozzles 
i n s t a l l e d  t o  spray i n  t h e  upstream d i r ec t ion .  The r a d i a l  pos i t i on  
of the inner and outer fuel-spray ba r s  could be altered independently 
t o  vary f u e l  d i s t r i b u t i o n .  All fuel-spray nozzles of t h e  mainstream 
fue l - in j ec t ion  system were of t h e  variable-area type and were rated 
a t  about 35 ga l lons  per hour at a d i f f e r e n t i a l  p ressure  of 100 pounds 
per square inch. 

CONFIDENTIAL 
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Annular-piloted configuration. - The annular-piloted combustor 
configurat ion used a baffle- or gut ter- type flame holder with a la rge  
annular p i l o t  burner as a continuous source of i g n i t i o n  t o  provide 
stable combustion. The la rge  annular p i l o t  burner w a s  designed t o  per- 
m i t  higher pi lot-burner  air  flow, together  with more uniformly d i s t r i b -  
u t ed  p>lot  flame, than i n  t h e  C a s e  of t h e  six can-type p i l o t  burners of 
the previous configuration. The annular-pi loted configuration i s  
shown i n  f i g u r e  4. 

(H center  of the combustor downstream of the  p i l o t  region t o  receive 
P bene f i c i a l  s t a b i l i z a t i o n  from the p i l o t  flame. The annular p i l o t  
I-J burner a l s o  served as a flow div ider .  Mainstream f u e l  i n j ec t ion ,  and 

The gutter- type flame holder w a s  placed i n  the 

P 

thus  mainstream combustion, w a s  confined t o  that por t ion  of t he  
combustion-chamber a i r  t h a t  passed through the  c i r c u l a r  flow area 
formed by t h e  p i l o t ;  dimensions were se lec ted  s o  that mainstream com- 
bust ion would occur a t  an approximately s toichiometr ic  f u e l - a i r  r a t i o  
a t  a low over -a l l  f u e l - a i r  r a t i o .  

The design of t he  annular-piloted combustor configurat ion w a s  
based on t h e  r e s u l t s  of reference 9 and is  described therein.  I n  
c ross  sect ion,  t he  shape of the annular p i l o t  burner ( f ig .  4) w a s  
that of an asymmetric V. The outer surface w a s  perforated by four  
rows of l /Z-inch-diamter holes;  t h e  surface w a s  ca r r i ed  downstream 
of these holes  t o  a c t  as a flow divider and t o  provide a protected 
combustion zone. The inner  surface of t h e  p i l o t  burner was cut  
longi tudinal ly ,  and t h e  cu ts  were spread a t  t h e  downstream end by 
forming the metal i n t o  V-shape; the r e su l t i ng  openings provided 
add i t iona l  air  en t ry  f o r  p i l o t  conbustion and permitted a gradual mix- 
ing of t h e  mainstream fue l - a i r  m i x t u r e  with the p i l o t  combustion 
process. E i g h t  s lan ted  r a d i a l v - g u t t e r s  were at tached t o  t h e  t r a i l i n g  
edge of t h e  inner  surface of t he  annular p i l o t  burner and were joined 
a t  their t r a i l i n g  edges by an  annular g u t t e r  with a mean diameter of 
8 inches; these  s lan ted  r a d i a l  gu t t e r s  and t h e  small annular g u t t e r  
formed add i t iona l  flame s e a t s  f o r  mainstream conibustion. 

Two f u e l  systems were used ( f ig .  4 ( a ) ) ,  one supplying f u e l  f o r  t h e  
annular p i l o t  burner and the  other f o r  mainstream c o d u s t i o n .  
annular p i l o t  burner w a s  f i t t e d  with 32 fuel-spray nozzles r a t e d  a t  
5 gal lons per hour a t  a d i f f e r e n t i a l  pressure of 100 pounds per  square 
inch. Fuel  f o r  mainstream conibustion w a s  i n j ec t ed  w e l l  upstream of 
t h e  e x i t  of t h e  annular p i l o t  burner t o  a i d  vaporizat ion and mixing. 
The mainstream fue l - in j ec t ion  system included 10- and 18-inch-diameter 
f u e l  r ings  f i t t e d  with 8 and 18 fuel-spray nozzles, respect ively,  
i n s t a l l e d  t o  spray i n  the downstream di rec t ion ;  t h e  f u e l  r i ngs  w e r e  
loca ted  j u s t  downstream of engine s t a t i o n  0. The mainstream fuel-spray 
nozzles were r a t e d  a t  40 gallons per hour a t  a d i f f e r e n t i a l  pressure 
of 100 pounds per square inch. 

The 

CONFIDENTIAL 



6 CONFIDENTIAL NACA RM E53K2O 

Can-type configuration. - The maximum p i l o t i n g  i s  obtained by a 
configuration i n  which a l l  of the f u e l  i s  burned i n  t h e  p i l o t  burner; 
t h e  can-type combustor m y  be considered such a configuration. 
schematic diagram and photographs of the can-type combustor configuration 
used i o  the  present i nves t iga t ion  are presented i n  f i g u r e  5. Details 
of the can a re  given i n  f i g u r e  5(a); t h e  sur face  open area of t he  can 
w a s  about 115 percent of t he  combustor c ross -sec t iona l  a r ea .  A flow 
d iv ider  (or c o n t r o l  s leeve)  w a s  used t o  confine t h e  i n j e c t e d  f u e l  t o  a 
po r t ion  of t he  combustion-chamber a i r  s o  as t o  achieve an  approximately 
s to ich iometr ic  f u e l - a i r  r a t i o  fo r  mainstream combustion at a low over- 
all f u e l - a i r  r a t i o ;  t h e  flow d iv ider  a l s o  permitted use of an e x i s t i n g  
fue l - in j ec t ion  system. 

A 

ri 
rl 
ri 
M 

A s ing le  fue l - spray  nozzle, r a t e d  a t  40 ga l lons  per hour a t  a 
d i f f e r e n t i a l  pressure of 100 pounds per square inch, w a s  loca ted  i n  t h e  
dome of the  can. Mainstream f u e l  w a s  i n j e c t e d  w e l l  upstream of the  can 
t o  a id  vaporization and mixing. 
cons is ted  of t he  f u e l  r i n g  and fuel-spray bars used with t h e  can-piloted 
combustor configuration; a l l  mainstream f u e l  nozzles sprayed i n  t h e  
upstream d i r ec t ion .  

The mainstream f u e l - i n j e c t i o n  system 

PROCEDURE 

T e s t  Conditions 

The inves t iga t ion  repor ted  here in  was conducted a t  an in le t -a i r  
t o t a l  temperature of approximately 990' R ,  which corresponds t o  t h e  
standard temperature a t  a f l i g h t  Mach number of 2 .75  f o r  a l t i t u d e s  above 
t h e  tropopause. 
temperature of t he  i n l e t  air ,  so  that t h e  a i r  w a s  not contaminated i n  
t h e  heating process. 

Gas-fired i n d i r e c t  hea t e r s  were used t o  raise the  

A choked t h r o t t l i n g  valve i n  t h e  i n l e t - a i r  l i n e  was  used t o  set 
se l ec t ed  air  flows; therefore ,  a i r  flow w a s  independent of engine 
operating conditions.  
maintained a t  a value below t h a t  requi red  t o  choke t h e  engine exhaust 
nozzle f o r  engine operation with mainstreamburning; thus flow 
conditions i n  the  engine were independent of t h e  f a c i l i t y  exhaust 
pressure. 

The pressure i n t o  which t h e  engine exhausted w a s  

Data were obtained at  air flows of approximately 40 and 60 pounds 
per second and over a range of f u e l - a i r  r a t i o  from about 0.020 t o  0.045 
a t  each a i r  flow. A t  a given engine-inlet  air flow, t h e  combustor- 
i n l e t  t o t a l  pressure var ied  with exhaust-gas temperature ( f u e l - a i r  
r a t i o ) ;  t h e  combustor-inlet t o t a l - p r e s s u r e  range w a s  from about 700 
t o  900 and 1000 t o  1300 pounds per square foo t  absolu te  a t  a i r  flows 
of about 40 and 60 pounds per second, respec t ive ly .  

CONFIDENTIAL 
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I n i t i a t i o n  of Combustion 

Before i g n i t i o n  of t he  combustor, t h e  des i red  air flow w a s  set by 
means of t h e  choked t h r o t t l i n g  valve i n  t h e  i n l e t - a i r  l i n e  and the ex- 
haust  pressure w a s  adjusted t o  provide a combustor-inlet Mach nunher of 
approximately 0.15. The p i l o t s ,  p i lo t ,  o r  p i l o t i n g  region was then 
ign i ted .  After p i l o t  c o d u s t i o n  was s t ab i l i zed ,  mainstream fuel  was  
introduced and the f u e l  flow was increased u n t i l  stable combustion 
w a s  obtained; t h e  exhaust pressure w a s  reduced simultaneously as main- 
stream f u e l  flow was increased u n t i l  the exhaust nozzle w a s  choked. 

Fuel Flow 

For the  can-piloted combustor configuration, t h e  f u e l  flows t o  
t h e  can-type p i l o t b u r n e r s ,  f u e l  ring, and adgustable hzrs -+rere 
indepen&ently controi ied.  For the annular-piloted combustor configu- 
r a t ion ,  t h e  fuel flows t o  the annular p i l o t  burner and t o  each of the 
two f u e l  r i ngs  were independently controlled.  
t h e  can-type combustor configuration w a s  accomplished i n  a manner 
similar t o  t h a t  f o r  the can-piloted configuration. 
and annular-pi loted conkustor configurations,  independent con t ro l  was 
used t o  permit p i l o t  fuel-flow var ia t ions  from 0 t o  as high as 20 
percent of the t o t a l  f u e l  flow. 

Control of f u e l  flow f o r  

For t h e  can-piloted 

I n  general ,  the f u e l  temperature w a s  about 640' R; however, most 
of t h e  data f o r  t he  annular-piloted combustor configuration were 
obtained with f u e l  heated t o  about 750' R. The f u e l  used throughout 
the  inves t iga t ion  conformed t o  spec i f ica t ion  MIL-F-5616, grade JP-1, 
with a lower heat ing value of 18,600 B t u  per pound and a hydrogen- 
carbon r a t i o  of 0.162. 

Methods of Calculation 

The sylribols and methods of calculat ion are given i n  appendixes 
A and B, respect ively.  
temperatures measured a t  s t a t i o n  2 ( f i g .  2 ) .  Exhaust-gas temperature 
w a s  ca lcu la ted  with t h e  gas flow, t o t a l  pressure measured a t  t h e  
exhaust nozzle, and a flow cont inui ty  expression t h a t  assumed a choked 
exhaust nozzle. Combustion eff ic iency was ca lcu la ted  as t h e  r a t i o  
of ac tua l  t o  t h e o r e t i c a l  enthalpy r i s e .  
was  based on t h e  combustor cross-sect ional  area. 

A i r  f low was  ca lcu la ted  from pressures  and 

The net t h r u s t  coe f f i c i en t  
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RESULTS AND DISCUSSION 
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a 

I n l e t  Conditions . 
I n  order t o  define t h e  combustor environment of t h e  present inves- 

t i g a t i o n ,  t y p i c a l  i n l e t  t o t a l -p re s su re  p r o f i l e s ,  together with t h e  
v a r i a t i o n  of average combustor-inlet t o t a l  p ressure  and Mach number 
with f u e l - a i r  r a t i o ,  a r e  presented i n  f i g u r e  6 f o r  t h e  th ree  configu- 
r a t i o n s  investigated.  Radial  and c i rcumferent ia l  i n l e t  t o t a l -p re s su re  
d i s t r i b u t i o n s  ( f i g .  6 ( a ) ) ,  i n  general ,  were uniform. A t  a given a i r  
flow, t h e  conibustor-inlet t o t a l  pressure ( f i g .  6 (b ) )  increased, and t h e  
combustor-inlet Mach number ( f i g .  6 ( c ) )  decreased as f u e l - a i r  r a t i o  w a s  
r a i sed .  The i n l e t  t o t a l  pressure var ied  from about 1020 t o  1320 pounds 
per square foot absolute a t  an a i r  flow of 60 pounds per second and 
from about 700 t o  880 pounds per square foo t  absolute a t  an a i r  flow of 
40 pounds per second wi th in  the  range of t h e  present i nves t iga t ion .  
Combustor-inlet Mach number var ied  from about 0.16 t o  0.13 within t h e  
range of f u e l - a i r  r a t i o  inves t iga ted ;  t h i s  Mach number range cor re-  
sponds t o  v e l o c i t i e s  f p m  about 245 t o  200 feet  pe r  Second at the  in- 
l e t  temperature o f  990 R .  

Performance 

Combustion e f f ic iency .  - The v a r i a t i o n  of conbustion e f f i c i ency  
with f u e l - a i r  r a t i o  i s  presented i n  f i g u r e  7 ( a )  f o r  t h e  th ree  coIllbustor 
configurations inves t iga ted .  The combustion e f f i c i ency  of t h e  can- 
p i l o t e d  combustor configuration var ied  from about 0.70 t o  0.80 and, i n  
general ,  increased as f u e l - a i r  r a t i o  w a s  raised wi th in  t h e  range of 
f u e l - a i r  r a t i o  and f u e l  d i s t r i b u t i o n  inves t iga ted ;  maximum combustion 
e f f i c i ency  would have been obtained, therefore ,  a t  a f u e l - a i r  r a t i o  
beyond the  range of i n t e r e s t  i n  t h e  present i nves t iga t ion .  With a 
given fue l - in j ec t ion  system, the  da t a  obtained a t  a i r  flows of about 
40 and 60 pounds per second ind ica t e  t h a t  combustion e f f i c i ency  w a s  not 
appreciably a f f ec t ed  by combustor-inlet pressure ( f i g  6 (b ) )  wi th in  t h e  
range investigated.  A t  a f u e l - a i r  r a t i o  of about 0.034, t he re  w a s  a 
t r end  of increased combustion e f f i c i ency  with decreased p i l o t  f u e l  flow. 

The combustion e f f i c i ency  of t he  annular-piloted combustor configu- 
r a t i o n  reached a mximum of about 0.90 a t  a f u e l - a i r  r a t i o  of 0.025, 
decreased t o  about 0.65 at a f u e l - a i r  r a t i o  of 0.045, and w a s  not 
appreciably a f f ec t ed  by conibustor-inlet pressure ( f i g .  6 (b ) )  wi th in  the  
range investigated.  Most of t he  d a t a  were obtained with heated f u e l  
(about 750' F ) ;  however, da ta  obtained a t  a f u e l - a i r  r a t i o  of 0.035 
with unheated f u e l  (about 640' R )  i nd ica t e  t h a t  f u e l  temperature had 
e s s e n t i a l l y  no e f f e c t  on combustion e f f i c i ency  wi th in  t h e  range inves- 
t i g a t e d .  
va r i a t ions  i n  p i l o t  f u e l  flow within t h i s  range a t  a f u e l - a i r  r a t i o  Of 
about 0.035. 

Combustion e f f i c i ency  w a s  a l s o  e s s e n t i a l l y  unaffected by 
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The combustion e f f ic iency  of the can-type combustor configuration 
reached a maximum of about 0.78 a t  a fue l - a i r  r a t i o  of 0.035 and 
decreased t o  about 0.70 at f u e l - a i r  r a t i o s  of about 0.028 and 0.044. 
D a t a  w e r e  obtained only a t  an a i r  flow of approximately 60 pounds per  
second. 
ind ica ted  there w e r e  s i x  regions of flame within the can i n  l i n e  w i t h  
the fuel-spray bars ,  which may be indica t ive  of nonuniform c i r cud ' e ren t i a l  
fuel  d i s t r ibu t ion .  

V i s u a l  observation of t h e  combustion by means of t h e  periscope 

The c o d u s t i o n  e f f i c i ency  of the annular-piloted conibustor configu- 
r a t i o n  w a s  higher than that of t he  other configurations at f u e l - a i r  
r a t i o s  below about 0.04. 
annular-pi loted configurat ion w a s  of approximately the  desired l e v e l  
(0.90) but  a t  a f u e l - a i r  r a t i o  below that which w a s  considered as the 
design-point f u e l - a i r  r a t i o  (0.035) i n  the present invest igat ion.  
maximum combustion e f f ic iency  of the  can-type c o d u s t o r  configuration 
WES sbtsincd at the design-point f u e l - a i r  r a t i o  but  w a s  lower than 
desired.  
increased as f u e l - a i r  r a t i o  was raised within t h e  range invest igated,  
w a s  lower than that of t h e  other configurations a t  t h e  design-point 
f u e l - a i r  r a t i o  of t he  present invest igat ion,  and w a s  higher than t h a t  of 
t h e  other  configurat ions a t  f u e l - a i r  ra t ios  above about 0.04. 

The maximum cornbustion e f f ic iency  of t he  

The 

The combustion e f f ic iency  of the can-piloted combustor 

Conibustor total-temperature r a t i o .  - The va r i a t ions  of cornbustor 
total-temperature r a t i o  with fue l - a i r  r a t i o  are presented i n  figure 
7(b) f o r  t h e  three combustor configurations. 
of temperature r a t i o  w i t h  f u e l - a i r  r a t i o  r e f l ec t ed  t h e  t rends of 
combustion e f f i c i ency  with f u e l - a i r  r a t i o .  

I n  general ,  t he  t rends 

The combustor total-temperature r a t i o  obtained w i t h  t he  can-piloted 
combustor configurat ion increased continuously as f u e l - a i r  r a t i o  was 
ra i sed ,  as d id  conibustion efficiency, within t h e  range invest igated.  
The temperature r a t i o  of t h e  annular-piloted configuration w a s  a 
maximum a t  a f u e l - a i r  r a t i o  of about 0.038, and that of t h e  can-type 
conibustor configurat ion appeared near a maximum at  a f u e l - a i r  r a t i o  of 
0.046; t h a t  t h e  teqerature r a t i o  reached a maximum value, within the  
f u e l - a i r - r a t i o  range invest igated,  w a s  due t o  t h e  t rend  of decreased 
combustion e f f ic iency .  The temperature r a t i o  of t he  annular-pi loted 
conibustor configurat ion w a s  higher than that of the other  configurations 
a t  f u e l - a i r  r a t i o s  below about 0.038; a t  r icher  f u e l - a i r  r a t i o s ,  t h e  
can-piloted conibustor permitted higher temperature r a t i o s  than t h e  
other  configurations.  

Combustor to ta l -pressure  r a t i o .  - The var ia t ion  of combustor t o t a l -  
pressure r a t i o  with f u e l - a i r  r a t i o  i s  presented i n  f i g u r e  7(c)  f o r  t h e  
th ree  combustor configurations.  
s l i g h t l y  w i t h  f u e l - a i r  r a t i o  and was not appreciably d i f f e r e n t  f o r  t h e  
three configurations.  

The total-pressure r a t i o  var ied only 
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Net thrust coefficient. - In providing thrust, combustion efficien- 
cy (or combustor total-temperature ratio) and combustor total-pressure ' 
ratio are both important factors and should be high for a given fuel- 
air ratio. The effects of these factors are conibined in the net thrust 
coefficient, the variation of which with fuel-air ratio is presented 
in figure 7(d) for the three conibustor configurations (flight Mach 
number, 2.75). Inasmuch as combustor-inlet pressure, pilot fuel flow, 
and fuel temperature did not have appreciable effects on combustion 
efficiency and, therefore, would not appreciably affect the net thrust 
coefficient, these variables are not identified in the figure; all 
data are shown for each configuration, and a portion of the data scatter 
is attributed to the aforementioned variables. The dashed curve 
shows the theoretical maximum net thrust coefficient that would be 
obtained with a combustion efficiency of.1.0, a combustor total- 
pressure ratio of 1.0, and the exhaust-nozzle velocity and flow 
coefficients used for the actual data. 

For the three combustor configurations investigated, the trend of 
net thrust coefficient with fuel-air ratio reflects primarily the trend 
of combustion efficiency with fuel-air ratio, inasmuch as the com- 
bustor total-pressure ratios were not appreciably different. The net 
thrust coefficient of the can-piloted combustor configuration increased 
continuously as fuel-air ratio was raised within the limits investi- 
gated, as did combustion efficiency; that of the annular-piloted 
combustor configuration reached a maximum value at a fuel-air ratio of 
about 0.04 and decreased as fuel-air ratio was further raised because 
of reduced combustion efficiency; and that of the can-type conibustor 
configuration was approaching a maximum value at the highest fuel-air 
ratio investigated because of the trend of decreased conibustion 
efficiency at high fuel-air ratios. The annular-piloted combustor con- 
figuration had the highest net thrust coefficient of the configurations 
investigated at fuel-air ratios below about 0.041; at richer fuel-air 
ratios, the can-piloted configuration had the highest net thrust 
coefficient of the three configurations. 

Comparison of Configurations 

The performance of the three combustor configurations, evaluated 
in the present investigation, is compared in the following table at 
the design-point fuel-air ratio of 0.035: 
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Combust ion Total- Total-  
eff ic iency,  temperature pressure 

tl r a t i o ,  r a t i o ,  

T6/TZ' ' d p z  
0.83 2.78 0.915 

.78 2.66 . a95 

.74 2.62 .905 

11 

N e t  
t h r u s t  

coef f ic ien t ,  

0.53 

.49 

.45 

Combust or 
configurat ion 

Annular -piloted 

Can-type 

Can-piloted 

The b e s t  performance cha rac t e r i s t i c s  a t  the  design-point fue l - a i r  r a t i o  
and t h e  highest  combustion e f f ic iency  within the range of f u e l - a i r  
r a t i o  inves t iga ted  w e r e  obtained with the annular-pi loted combustor 
configuration. The maximum combustion eff ic iency of t h i s  configuration 
w a s  approximately 0.90 a t  a f u e l - a i r  rat%=. cf =?xiit 0.025. 
three combustor configurations investigated,  the annular-piloted com- 
bustor  configuration, therefore ,  appears t o  have t h e  most promise of 
a t t a i n i n g  the des i red  combustion eff ic iency a t  the design-point 
conditions.  

O f  the 

.. 
Y 
0 

One of the  major' d i f ferences that e x i s t a m n g  the  three  coriibustor cd 
0 -  

N configurat ions inves t iga ted  i s  the method of cont ro l l ing  f u e l  d i s t r i -  :: bution. I n  the  annular-piloted and can-type combustor configurations,  
0 t he  mins t ream f u e l  w a s  confined mechanically t o  a port ion of t h e  

combustor air  t o  achieve an approximately optimum fue l - a i r  r a t i o  f o r  
mainstream combustion at low over-al l  fue l - a i r  r a t i o .  In  the  can- 
p i lo t ed  combustor configuration, the radial pos i t ion  of the mainstream 
fue l - in j ec t ion  system w a s  control led i n  an attempt t o  e s t a b l i s h  
optimum l o c a l  f u e l - a i r  r a t i o s  f o r  mainstream combustion without 
mechanical means of confining the fuel  t o  a por t ion  of the combustor 
air .  Maximum combustion e f f ic iency  w a s  obtained a t  low over -a l l  f u e l -  
a i r  r a t i o  with the  annular-piloted and can-type combustor configurations;  
whereas, the optimum f u e l - a i r  r a t i o  f o r  mximum combustion e f f ic iency  
of t h e  can-piloted combustor configuration was above the  limits of 
i n t e r e s t  i n  t he  present  invest igat ion.  The r e s u l t s  ind ica te  t h e  impor- 
tance of mechanically confining the  minstream fuel  t o  a por t ion  of t h e  
conibustor a i r  i n  order t o  obtain m a x i m  combustion e f f i c i ency  at low 
over -a l l  fue l - a i r  r a t i o .  The use of flow d iv iders  as a means of f u e l -  
a i r  mixture cont ro l  t o  improve low-fuel-air-ratio perfornance has been 
reported i n  references 3 t o  8. 

The major differences,  other than fuel system, that e x i s t  among 
t h e  three combustor configurations are the design and arrangemnt of t he  - flame holders  and t h e  ava i lab le  burning length. Gut te r - tme flame 
holders  were used i n  t h e  can-piloted and annular-piloted conibustor 
configurations.  The can-piloted combustor configuration used conven- 
t i o n a l  annular V-gutters with interconnecting sloped radial V-gutters. 

.I 
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I n  the annular-piloted combustor configuration, sloping r a d i a l  V-gutters 
were used both as the  inner surface of t h e  annulus and downstream of t h e  
annulus t o  permit gradual mixing of t h e  mainstream f u e l - a i r  mixture with 
t h e  combustion process. 
t he  outer surface and took .p lace  i n  a zone of expanding volume t h a t  
provided low flow ve loc i ty  and thereby permitted conibustion t o  be com- 
p le ted  i n  a r e l a t i v e l y  sho r t  length. 
8 indicated somewhat higher conibustion e f f i c i ency  a t  low f u e l - a i r  r a t i o  
f o r  a configuration t h a t  used sloping-channel g u t t e r s  with a pro tec ted  
conibustion region than f o r  one using conventional annular V-gutters. 
Since t h e  ava i l ab le  burning length ( f i g s .  3(a) and 4 ( a ) )  w a s  not 
appreciably d i f f e r e n t  f o r  t h e  can-piloted and annular-piloted combustor 
configurations, t h e  performance d i f fe rences  between these  two configu- 
r a t ions  are a t t r i b u t e d  t o  the  method of con t ro l l i ng  f u e l  d i s t r i b u t i o n  
and t o  the  design and arrangement of t h e  flame-holding system. 

Combustion within t h e  annulus w a s  p ro tec ted  by 

The inves t iga t ion  of re ference  

The can-type combustor configuration used a conventional can-type 
flame holder.  The ava i l ab le  burning length f o r  t h i s  configuration 
( f i g .  5 ( a ) )  w a s  shor te r  than t h a t  f o r  t he  o ther  two conibustor configu- 
r a t ions ,  as would be expected f o r  i n s t a l l a t i o n s  i n  a given ove r -a l l  
length. The shor t  burning length,  together with t h e  previously 

mentioned poss ib le  nonuniform c i rcumferent ia l  f u e l  d i s t r i b u t i o n ,  caused 
t h e  maximum conibustion e f f i c i ency  of t he  can-type combustor configu- 
r a t i o n  t o  be lower than t h a t  of t h e  annular-piloted combustor 
configuration. 

The annular-piloted combustor configuration w a s  designed s p e c i f i c a l l y  
f o r  t he  present type of i n s t a l l a t i o n  and operating conditions as a 
r e s u l t  of t he  inves t iga t ion ,  reported i n  reference 9, of a rec tangular  
segment of a similar configuration. This configuration, therefore ,  w a s  
more highly developed f o r  t h e  s p e c i f i c  app l i ca t ion  than were t h e  can- 
p i lo t ed  and can-type combustor configurations.  
comparison of t he  combustion e f f i c i e n c i e s  of t h e  f u l l - s c a l e  annular- 
p i lo t ed  combustor configuration and of t h e  rec tangular  segment of a 
similar configuration, data from reference 9 are presented i n  f i g u r e s  
8 and 9 of the  present r epor t .  

I n  order t o  permit 

Figure 8, which i s  based on f i g u r e  9 of reference 9, p resents  t he  
va r i a t ion  of combustion e f f ic iency  with f u e l - a i r  r a t i o  f o r  a rectangular 
segment of t h e  annular-piloted combustor configuration developed during 
the  inves t iga t ion  repor ted  the re in .  Combustion e f f i c i e n c i e s  of 0.90 or 
higher were obtained a t  t h e  design-point f u e l - a i r  r a t i o  of 0.035 a t  
combustor-inlet pressures of about 700 t o  850 pounds per square foo t  
absolute. 
e f f ic iency  of t he  f u l l - s c a l e  annular-piloted combustor configuration 
a t  the design-point conditions.  Figure 9, based on f i g u r e  8 of r e f -  
erence 9, shows t h a t  t he  configuration evaluated i n  t h a t  i nves t iga t ion  

These r e s u l t s  f u r t h e r  i nd ica t e  t h e  p o t e n t i a l  combustion 
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was sensitive to fuel distribution, in that variation in the fuel- 
injection system changed the fuel-air ratio at which maximum combustion 
efficiency was obtained; however, such changes did not appreciably 
affect the maximum combustion-efficiency level. 

In the present investigation of the full-scale annular-piloted 
combustor configuration, only one fuel-injection system was used. The 
fuel-air ratio (0.025) for maximum combustion efficiency corresponded 
very closely to that for the configuration of reference 9 (fig. 9 )  for 

P which fuel was sprayed in the downstream direction. From the results 
P of reference 9, it would appear that optimization of fuel distribution 

m y  permit attainment of maximum combustion efficiency at the design- 
point fuel-air ratio of 0.035. 
does not prove adequate as a means of permitting maxim combustion 
efficiency at the desired fuel-air ratio, it is believed that this 
objective can be accomplished through proper sizing of the a n n u h r  
pilot ~?L~EPI- 8 s  a F W w  Givider. 
with the required fuel-distribution modification, on the optimum fuel- 
air ratio for maximum combustion efficiency m y  be noted in reference 3. 

DJ 

t-' 

If optimization of the fuel distribution 

An effect of flow-divider size, together 

CONCLUDING REMARKS 

Of the three conibustor configurations evaluated at an inlet-air 
temperature of about 990' R in the present investigation, the annular- 
piloted combustor configuration fiad the highest combustion efficiency, 
combustor total-temperature ratio, and net thrust coefficient at the 
design-point fuel-air ratio of 0.035. 
ratios of the three configurations were not appreciably different. A 
maximum combustion efficiency of about 0.90 at a fuel-air ratio of 
0.025 was obtained with the annular-piloted configuration at a combustor- 
inlet total pressure of approximately 1200 pounds per square foot 
absolute; the cornbustion efficiency of this configuration was not 
appreciably affected by reduction in combustor-inlet total pressure to 
about 800 pounds per square foot absolute. In the annular-piloted 
combustor configuration, the outer surface of the annular pilot burner 
provided a protected region for colnbustion within the surface and 
served as a flow divider to provide a mainstream combustion region with 
an approximately stoichiometric fuel-air mixture at low over-all fuel- 
air ratio. This configuration used sloping radial V-gutter flame 
holders. 

The combustor total-pressure 

A maximum conibustion efficiency of about 0.78 at a fuel-air ratio 
of 0.035 was obtained with the can-type combustor configuration at a 
combustor-inlet total pressure of approximately 1200 pounds per square 
foot absolute. 
holder and also incorporated a f low divider to provide a mainstream 

This configuration used a conventional can-type flame 
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combustion region with an approximately s toichiometr ic  fue l -a i r  mixture 
a t  low over -a l l  f u e l - a i r  r a t i o .  Circumferential  d i s t r i b u t i o n  of f u e l  
wi th in  the  flow d iv ider  may have been nonuniform f o r  the can-type 
combustor configuration, and t h e  burning length  of this  configurat ion 
w a s  sho r t e r  thar, t h a t  of the other  configurations inves t iga ted .  

A m a x i m  c o d u s t i o n  e f f i c i ency  of about 0.80 w a s  obtained a t  t h e  
highest  f u e l - a i r  r a t i o  (0.045) inves t iga ted  with the  can-pi loted 
combustor configuration. This configurat ion used a flame holder  cons is t -  
i ng  of conventional annular V-gutters interconnected with s loping radial 
V-gutters and included can-type p i l o t  burners  t o  provide conibustion 
s t a b i l i t y .  I n  the  can-piloted conibustor configurat ion,  the radial 
pos i t i on  of t he  mainstream fue l - in j ec t ion  system w a s  cont ro l led  i n  an 
attempt t o  provide optimum l o c a l  f u e l - a i r  r a t i o s  f o r  mainstream combus- 
t i o n  a t  low ove r -a l l  f u e l - a i r  r a t i o  without a mechanical flow d iv ider .  

The annular-piloted and can-type combustor configurat ions,  which 
incorporated mechanical flow d iv iders  f o r  con t ro l  of the f u e l - a i r  mixing 
process,  achieved maximum combustion e f f i c i ency  a t  low f u e l - a i r  r a t i o .  
The combustion e f f i c i ency  of t h e  can-pi loted combustor configurat ion,  
which did not incorporate  a mechanical flow d iv ider ,  increased continu- 
ously as f u e l - a i r  r a t i o  w a s  raised wi th in  t h e  range inves t iga ted .  The 
r e s u l t s  ind ica te  the  importance of mechanically confining the mainstream 
f u e l  t o  a port ion of the combustor a i r  i n  order  t o  obta in  maximm com- 
bus t ion  e f f ic iency  a t  low over -a l l  f u e l - a i r  r a t i o .  The design and 
arrangement of the flame holders  and the  ava i l ab le  burning length a l s o  
inf luence the performnce d i f fe rences  among the th ree  combustor 
configurat ions . 

On the  basis of the per formnce  c a p a b i l i t i e s  demonstrated i n  the 
present  preliminary evaluation, the annular-pi loted combustor configu- 
r a t i o n  has the g r e a t e s t  promise of permit t ing c o d u s t i o n  e f f i c i e n c i e s  
i n  excess of 0.90 a t  low f u e l - a i r  r a t i o  w i t h  combustor-inlet pressures  
as low as 700 pounds per square foo t  absolute .  It i s  be l ieved  that, 
through optimization of f u e l  d i s t r i b u t i o n  or  through a c o d i n a t i o n  of 
s i z i n g  the annular p i l o t  burner properly as a flow d iv ider  and optimiz- 
i ng  of f u e l  d i s t r ibu t ion ,  the desired performance can be obtained with 
the annular-pi loted combustor configurat ion a t  the design-point f u e l -  
air r a t i o .  

rl 
rl 
rl 
M 

L e w i s  F l igh t  Propulsion Laboratory 
National Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, December 4, 1953 . 
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SYMBOLS 

The following symbols are used i n  this repor t :  

area, sq f t  

speed of sound, f t / s ec  

exhaust-nozzle area coef f ic ien t  

exhaust-nozzle ve loc i ty  coef f ic ien t  

net  t h rus t ,  l b  

f u e l -  a i r  r a t i o  

acce lera t ion  due t o  gravi ty ,  32.2 f t / s ec  2 

enthalpy, Btu/lb of a i r  

lower heat ing value of f u e l ,  Btu/lb 

Mach nmiber 

t o t a l  pressure,  lb/sq f t  abs 

s t a t i c  pressure,  lb/sq f t  abs 

dynamic pressure,  lb/sq f t  abs 

gas constant,  53.4 f t - l b / ( lb )  (%) 

t o t a l  temperature, OR 

ve loc i ty  , ft/se c 

flow rate, lb/sec 

r a t i o  of spec i f i c  heats  

conibustion e f f ic iency  

t e r m  accounting f o r  t he  difference between enthalpy of carbon 
dioxide and water vapor i n  burned mixture and enthalpy of 
oxygen removed from air  by t h e i r  formation, Btu/lb 
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Subscripts : 
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a 

b 

f 

Q 

W 

X 

0 

2 

4 

5 

6 

7 

air 

combclstor 

fuel 

gas 

water 

exit of theoretical diverging exhaust nozzle 

theoretical flight condition 

air-f low measuring station (engine station -28) 

combustion-chamber inlet (48-in. diam. ) 

exhaust-nozzle inlet (engine station 83) 

exhaust-nozzle throat (engine station 103) 

exhaust section of test charriber 
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APPENDIX B 

CAUULATIONS 

A i r  flow. - The air  flow a t  s t a t ion  2 w a s  calculated from pressure 
and temperature measurements by use of t h e  equation 

where y = 1.4. 
accounted fo r  through use of a ca l ibra t ion  technique. 

Leakage through t h e  engine f langes w a s  approximately 

Fuel-air  r a t i o .  - The f u e l - a i r  r a t i o  w a s  calculated d i r e c t l y  from 
t h e  measurement of fuel flow and air flow: 

wf f/a = - Wa3600 

where wf w a s  measured i n  pounds per  hour. 

Conibustor-inlet Mach nuniber. - The combustor-inlet Mach number was 
computed from the  pressure readings a t  s t a t i o n  2 and the  area r a t i o  
Az/A4, w i t h  i sen t ropic  flow between s t a t i o n  2 and 4 assumed. 

Combustion-chaniber-outlet t o t a l  temperature. - The combustion- 
chamber -out l e t  t o t  a 1 t emper a t  ur  e w a s  calculated from t o t a 1 - pre s sur e 
readings a t  the  exhaust-nozzle throa t ,  the gas flow, and the  nozzle 
th roa t  area. It w a s  assumed t h a t  the nozzle w a s  choked and t h a t  the  
exhaust-nozzle area coe f f i c i en t  CA w a s  equal t o  0.995. The area 
blocked by the  rake a t  t h e  nozzle throa t  w a s  accounted f o r  i n  . 
The expression f o r  T 6  i s  A6 

I n  the  ca lcu la t ion  of w a s  first assumed, and by t r ia l -and-error  

method t h e  f i n a l  value of y6 w a s  determined f o r  t he  f i n a l  T and the  
appropriate  f u e l - a i r  r a t i o .  The gas flow WgY6 i s  t h e  sum of t h e  air  
flow WaJ and f u e l  flow Wf.  

T6, y6 
6 
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Combustion eff ic iency.  - Conibustion e f f i c i ency  w a s  def ined as 

ac tua l  enthalpy r ise across  the engine 
v =  heat input  

where the f i r s t  term i n  t h e  numerator represents  t he  change i n  enthalpy 
of t h e  a i r ;  and the second term, the difference between t h e  enthalpy 
r i se  of t he  exhaust gases and the enthalpy r i s e  of the a i r  between 
temperatures T2 and T6. The value of H, represents  the enthalpy 
r e j ec t ed  t o  the engine w a t e r  jackets .  

N e t  t h r u s t  coe f f i c i en t .  - The ne t  t h r u s t  coe f f i c i en t  used i n  the  
present r epor t  is defined as FN/Ab@. The net  t h r u s t  FN w a s  calcu- 
la ted from 

and Abqo w a s  determined from 

where Cv w a s  assumed equal  t o  0.950; A,, Vx, and px are the  a rea ,  
t h e o r e t i c a l  ve loc i ty ,  and s t a t i c  pressure a t  the  e x i t  of a convergent- 
divergent exhaust nozzle (which would be used i n  f l i g h t  but  w a s  not 
used i n  th i s  inves t iga t ion) ;  4( w a s  assumed equal t o  Ab, t h e  com- 
bustor  area; Wg,6 and Wa are the engine gas and air flows, respec- 
t i ve ly ;  Mo is  the  speed of sound a t  the 
NACA standard s t a t i c  temperature f o r  a l t i t u d e s  above the  tropopause; A. 
i s  the  capture  area; and 

w a s  assumed equal  t o  2.75; a. 

Ab/Ao w a s  assumed equal t o  2.193. 
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A i r  

(b) Cutaway view. 

Figure 4. - Continued. Annular-piloted combustor configuration. 
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(a) View from downstream. 

Figure 4. - Concluded. Annular-piloted combustor configuration. 
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(b) View from upstream. 

F- &-e -..- 5.  - ContLrxed. Can-tme combuetor canfigJmtion. 
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( c )  View from downstream. 

Figure 5. - Concluded. Can-type combustor 

C-32 143 

configuration. 
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Combustor 
configuration 
Can-pilotkd - 

600 

100?016 k t k  .024 

NACA RM E53K20 

Fuel-air ratio, f/a 

(b) Total-pressure variation. 

Figure 6. - Continued. Combustor-inlet conditions 
for three low-temperature-ratio combustor config- 
urations. Inlet -air temperature, 990' R. 
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(e) Mach number variation. 

Figure 6. - Concluded. Combustor-inlet conditions 
for three low-temperature-ratio combustor config- 
urations. Inlet-air temperature, 990° R. 
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A i r  flow, Wa, Percent of t o t a l  Distance of 2 and 3 
lb/sec flow t o  p i l o t s  a t  nozzle bars from 

0.035 f/a engine center  ' -1 line,  in. 
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/- 
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116 .024 .032 .a0 .048 
Fuel-air  r a t io ,  f/a 

(a) Combustion efficiency. Approximate f u e l  temper- 
ature f o r  can-piloted and can-type combustors, 
64OV R .  

Figure h -- Performance of th ree  low-temperature-ratio 
combustor configurations. In l e t - a i r  temperature, 990' R. 
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lb/sec flow t o  p i l o t s  at nozzle bars fram 

0- f 5 \  
5.5 and 7.5 

0 '1 60 
(20 I 

V 15 8.5 and 10.5 
40 15 8.5 and 10.5 D 

" I  

640 

750 

lb/sec f l o w  t o  p i l o t  a t  nozzle bars  from 
0.035 f/a engine center  l i n e ,  i n  

0 60 0 5 and 7.5 

.6 .024 -032 .040 .048 
Fuel -a i r  ra t io ,  f/a 

(b) Total-temperature r a t i o .  Approximate f u e l  tem- 
pera ture  f o r  can-piloted and can-ty-pe canbustors, 
640' R.  

Figure 7. - Continued. Performance of three low-temperature- 
r a t i o  combustor configurations. Inlet-air temperature, 
990° R.  
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( c )  Total-pressure r a t i o .  Approximate f u e l  temper- 
a ture  f o r  can-piloted and can-type canbustors, 
640° R.  

Figure 7 .  - Continued. Performance of th ree  low-temperature- 
r a t i o  combustor configurations. I n l e t - a i r  temperature, 
990' R .  
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(d) Net th rus t  c o e f f i c i e n t .  

Figure 7 .  - Concluded. Performance of t h r e e  low-temperature- 
r a t i o  combustor configurations.  I n l e t - a i r  temperature, 
990' R .  
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